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The early recruitment and use of the chemoreceptive senses, olfaction
and gustation, are important for early behavior development in fathead
minnows and the ability of larvae to survive after hatching.

Chemoreception

is used in the location of food, avoidance of predators, and for intraspecific
communication. Furthermore, some studies have shown the olfactory
system to be adversely impacted by environmental contaminants and low pH.
Since the fathead minnow is a commercially raised baitfish in the aquaculture
industry, and serves as a standard test organism for bioassays and reaction
studies of aquatic contamination by the United States Environmental
Protection Agency, an understanding of the early development of
chemoreception in this species is crucial to an appreciation of its reactions to
environmental insults.
The development of the olfactory organ in conjunction with feeding
behavior was investigated in larval fathead minnows during the first fifteen
days posthatching. Larvae were presented with dead food organisms in the
dark in order to isolate the use of chemoreception in feeding. Immediately
Vll
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following the feeding trials, the test organisms were measured, inspected for
the presence of food in the gut, and separated into feeding and nonfeeding
groups. These fish were then fixed and examined histologically using light
microscopy (LM) or scanning electron microscopy (SEM) to determine the
state of development of the olfactory organ.
Ingestion of dead food organisms in the dark was first observed on Day
4 posthatching (PH) and feeding activity increased until Day 8 when 100%
successful feeding in the dark occurred. After that, all test fish fed successfully
in all trials with the exception of Day 11 when two fish failed to feed. In
comparing size to feeding success, the average size of fish first feeding using
chemoreception alone was approximately 6 mm. Regardless of age, size,
a n d / o r feeding status, LM and SEM observations revealed all specimens to
have a complete olfactory system consisting of a ciliated olfactory epithelium
and neuronal connections to the brain.
The overall development exhibited by larval fathead minnows is not
unusual for precocial species that must rapidly develop the senses to begin
feeding shortly after hatching. Observations made by several authors were
similar to those made in the current study, these are: the olfactory organ is
present as a recognizable epithelium at hatching, the cells of which become
more organized over time; a visible nerve connection between the olfactory
epithelium and the brain exists at hatching; and ciliated cells are present in
the epithelium at hatching, and those cells increase in number with age.

Introduction

The reception of chemical cues is a critical sense for aquatic organisms
that live where vision and hearing may have limitations of reception a n d / o r
range when compared with other biomes. Fish detect chemical stimuli via
two major chemosensory channels, olfaction and gustation (Atema, 1980).
The two systems are defined, in part, by the neuronal pathway through which
chemical information is detected and transmitted to the central nervous
system. That system which employs primary ciliated neurons to detect
stimuli, and whose axons form cranial nerve I (olfactory) to transmit stimuli
from the epithelium to the brain, is termed olfaction, while chemical
information detected by specialized microvillar epithelial cells (gustatory
cells) which are innervated by cranial nerve VII (facial), IX (glossopharyngeal),
or X (vagal) is termed gustation or taste (Atema, 1980; Finger, 1988; Hara,
1992a; Butler and Hodos, 1996). A less defined, and sometimes disputed,
third chemosensory system, the common chemical sense, detects chemical
changes in the environment via free nerve endings in the epidermal mucosa
(Kotrschal, 1991; Hara, 1992a; Whitear, 1992).
Chemoreceptors in fish are well developed sensory structures that are
used to find food, sense location, and avoid predators (Atema, 1980; Mathis
and Smith, 1993; Mathis et al, 1995; Bond, 1996). Convict cichlids
(Cichlasoma nigrofasciatum) have been observed with their snouts close to
their eggs while fanning them in the dark, suggesting chemoreception is used
1
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for parental behavior as well (Reebs and Colgan, 1992). Because many
substances are soluble in water, volatility of stimulants is of little concern,
and chemoreception makes available to fish a great deal of information about
the environment via dissolved amino acids, steroids, prostaglandins, and
other chemicals. Several studies have shown that fish are capable of detecting
these dissolved substances in very dilute concentrations (Caprio and Byrd,
1984; Nevitt and Moody, 1992). Displaced trout (Salmo trutta) were unable to
relocate to their home area after removal of the olfactory rosettes (Halvorsen
and Stabell, 1990), and several studies have shown that ablation of the
olfactory receptors or plugging of the nares severely diminishes fishes' ability
to recognize and locate food substances (for review, see Hyatt, 1979).
Chemoreception plays a part in kin recognition among juveniles of a number
of species showing preferences for water previously inhabited by kin over
nonkin in controlled trials (Brown and Brown, 1992; Winberg and Olsen,
1992).
The structure and function of the olfactory organ in teleost fishes has
been reviewed to some extent, and its development has been studied by
Kleerekoper, 1969; Hara, 1992a and b; Zeiske et al.r 1992. These authors made
extensive use of studies of the development of the olfactory organ in embryos
of the Atlantic salmon Salmo salar. Evans et al, (1982) and Zielinski and
Hara (1988) carried out similar studies in embryos of the rainbow trout
Oncorhynchus

mykiss

and correlated these observations with the

development and differentiation of olfactory receptor cells and their response
to chemical stimuli.
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In adult teleosts, the olfactory organ consists of an epithelium
organized in a series of lamellar folds which is supported by a longitudinal
ridge termed the raphe. This collection of folds forms the olfactory rosette,
which is located within the nasal cavity in such a manner that water is
directed over the epithelium (Bond, 1996). The shape of the cavity,
arrangement of the rosette, and degree of development is widely variable
among species (Bond, 1996). The epithelium consists of both sensory and
indifferent regions, of which the sensory consists of three major cell types:
receptor neurons, supporting columnar cells, and basal cells. In the
epithelium, the axons of bipolar receptor neurons pass through the basement
membrane and coalesce into olfactory nerves (Bernstein, 1970; Vassar et al.,
1994; Buck 1996). Axon terminal branches from several neurons form
clusters called glomeruli in the olfactory bulb, where their terminals synapse
with second-order neurons called mitral cells. Axons of these mitral cells
collect in a bundle called the olfactory tract (Bernstein, 1970; Vassar et al,.
1994; Buck 1996). Impulses are relayed from the olfactory bulb to the
telencephalon of the brain via the olfactory tract (Doving and Selset, 1980;
Fujita et al., 1988; Satou, 1992).
Development of the olfactory organ begins at an early stage in
embryogenesis. An olfactory anlage is formed by the ectoderm just anterior to
the eyes of the developing embryo (Hara, 1992b; Kleerekoper, 1969; Zeiske et
al., 1992). This anlage thickens to form the emerging placode, which is
pushed forward and upward by the developing snout. The placode is
composed of undifferentiated and columnar cells among which are found the
spindle- shaped olfactory receptor neurons (Hara, 1992b).
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On the receptor neurons, two dendritic modifications develop from
the apical surface: cilia and microvilli (Kleerekoper, 1969; Yamamoto, 1982;
Buck, 1996). The genetic signals which trigger dendritic differentiation of
developing olfactory neurons are largely unknown but are thought to be
mediated by olfactomedin, a protein that is found exclusively in the
extracellular mucous matrix that coats the olfactory epithelium. This highly
specialized protein may contribute to the maintenance, growth and
differentiation of olfactory cilia (Yokoe and Anholt, 1993). The anterior edge
of the olfactory epithelium contains only ciliated receptor cells while the
middle and posterior regions contain both ciliated and microvillar types
(Hara and Zielinski, 1989; Hara, 1992b; Buck, 1996). As the fish age, infolding
of the epithelium and subsequent expansion of the olfactory pit occurs —
accompanied by the ultimate formation of two small apertures at either end
of the pit. Closure of this structure results in the adult characteristic of
distinct anterior and posterior nares (Hara and Zielinski, 1989). This early
formation pattern seems to be stereotypical, as it is similar in Atlantic salmon
(Kleerekoper, 1969); Arctic grayling, Thymallus arcticus (Watling and
Hillemann, 1964); cutthroat trout, Oncorhynchus clarki (Jahn, 1972); rainbow
fish, Nematocentris

maccullochi (Breucker et al., 1979), walleye,

Stizostedion

vitreum (Elston et ah, 1981); zebra fish, Brachydanio rerio (Andersen, 1982);
and other species (Hara and Zielinski, 1989).
Chemoreception in fathead minnows (Pimephales promelas) is an
important sensory modality for early behavior development and the ability of
larvae to survive after hatching. Salgado (1992), in a series of sensory
isolation trials, reported that the use of chemoreception alone in the location
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of food is the last sensory modality to become fully utilized in larval fathead
minnows. Mathis and Smith (1992) noted in minnows a significant
avoidance of traps that had been marked by predator alarm pheromones
produced in the skin of fathead minnows. Chivers and Smith (1993) found
that fathead minnows with chemically deadened olfactory receptors did not
respond with a typical fright reaction when exposed to chemical stimuli from
predators. Furthermore, some studies have shown the olfactory system to be
adversely impacted by environmental contaminants. Hoyt and Abdul-Rahim
(1992) as well as Ore (1996) reported decreases in chemoreceptive abilities in
fathead minnow larvae when subjected to low pH. Norrgren et al., (1991)
reported severe lesions and abnormalities of the olfactory epithelium of the
minnow Phoxinus phoxinus

after exposure to aluminum. Since the fathead

minnow is an important standard organism used in bioassays and reaction
studies of aquatic contamination by the United States Environmental
Protection Agency (Adelman and Smith, 1976), as well as a commercially
raised baitfish in the aquaculture industry (Klemm et al., 1993), an
understanding of early development of chemoreception in this species is
crucial to an appreciation of its ability to survive under adverse conditions.
This study was undertaken to (1) observe and characterize the early
development of the olfactory organ in the fathead minnow, (2) determine if
this development follows the typical pattern described above, and (3) compare
that development with the recruitment of chemoreception for feeding
purposes in the early larval stages.

Materials and Methods
Rearing and Maintenance of Test Organisms
Brood stock for test fish used in this study were descendents of adult
fathead minnows obtained from the U.S. Environmental Protection Agency,
Newtown, Ohio, and maintained in the larval fish rearing facility of the
Biology Department of Western Kentucky University. The duration of this
experiment was from September 3, 1994 through September 21, 1994. Two
spawning tiles of eggs, approximately 400 eggs, were obtained shortly after
fertilization and placed in an 800 mL beaker containing approximately 600 mL
of dechlorinated tap water and 100 mL of 28% NaCl water. The incubation
water was vigorously agitated with an airstone. The eggs were incubated for 3
days at approximately 25°C under 16:8 light/dark photoperiodic conditions
(light onset time: 0600 CDT). When the first fry were observed to be
hatching, the remaining eggs were force-hatched using a dissecting needle to
gently rupture the egg chorion, thus allowing a definitive time of hatching to
be determined.
The larvae were reared under the same conditions described, except salt
was not added to the water. The fish were separated into aerated 1.4L rearing
bowls and fed freshly hatched brine shrimp (Artemia sp., Pro 80, Ocean Star
International, Snowville, UT) twice daily. Twenty-five to 50% of the volume
of the rearing bowls was replaced with fresh water twice daily and uneaten
food and dead larvae were removed at these times. Since test larvae were in
the presence of living and dead prey organisms at all times, it was assumed
that they were able to recognize food using all senses available to them.
6
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Developmental Observation
Every 12 hours from fertilization to hatching, a representative sample
(3 to 5 eggs) was removed from the tiles with a scalpel and transferred to a
glass depression microscope slide for observation of the progression of
embryological development. Similarly, for the first 8 days PH, representative
samples of larvae were observed under the light microscope and
photographed to determine the stage of development of gross anatomical
features. Developmental stages were identified using the staging method of
Jobling (1995), as described in Results.
Feeding Behavior
Each day at 1700-1800 hours, 12 fish were selected for behavior testing.
These were sequestered in two groups of 6 in small 150 mL dishes for at least
12 hours in the absence of food. At 0900 the next morning, the test fish were
isolated in a light-proof box for 30 minutes to acclimate. Newly hatched brine
shrimp nauplii were freshly killed in a sonic bath, and at least 100 were
counted and aspirated into a syringe under a dissecting microscope. Food
organisms were then injected via a feeding tube into the dishes containing
fish. Test fish were in the presence of dead food organisms for 15 minutes.
At the end of this time period, the test bowls were flooded with ice water to
thermally shock the fish and prevent regurgitation of any food eaten (Bowen,
1983). The test fish were then removed from the black boxes, measured, and
inspected under a dissecting microscope for evidence of food in the gut.
Larvae were separated into vials based upon whether the fish had successfully
fed or not. From these feeding and nonfeeding groups of larvae, samples
were randomly selected for either LM or SEM examination. This process was
repeated daily for 15 days.
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Light Microscopic Examination
Test fish that were selected for histological examination were fixed in
10% neutral buffered formalin (NBF) (Formalde-Fresh, Fisher stock #SF94-4,
Fisher Scientific, Fair Lawn, NJ) for 24 hours, decalcified in saturated
ethylenediaminetetraacetate (EDTA) solution for 2 days to remove any bone
deposits, and stored in 5% NBF until prepared for sectioning (Gray, 1958). At
that time, the fish were dehydrated in serial dilutions (25%-50%-75%-100%) of
tetrahydrofuran (THF - Sigma stock #T5267, Sigma Chemical Co, St. Louis,
MO), infiltrated with and embedded in paraffin (Paraplast Plus, Sigma stock
#P3683), and 10 |im thick sections were cut transversely on a rotary
microtome (American Optical Co., Buffalo, NY model #820) from the tip of
the rostrum to behind the eye. The serial section ribbon was floated on a
water bath and mounted on a glass slide using Mayer's egg albumin slide
fixative [egg white and glycerin in a 50:50 ratio per Luna (1968)] and heat (35°
C).
Sections were stained using one of the following two methods:
1: Hematoxylin/Eosin:

Sections were deparaffinized in 3, three-

minute xylene baths, and rehydrated in serial ethanol (EtOH) dilutions to
distilled water (100% EtOH-95%-85%-70%-50%-100% water). The slides were
immersed in Harris' modified hematoxylin with acetic acid (mercury free)
(Fisher stock #SH26) for 2 minutes per label instructions, rinsed in water
briefly, destained with 1% aqueous ammonium hydroxide, counterstained in
1% alcoholic eosin (Fisher stock #SE22) for 20 seconds per label instructions,
dehydrated in 3 changes of absolute alcohol, cleared in 3 changes of xylene,
and mounted and coverslipped in synthetic resin (Mounting Medium stock
#4111, Richard Allen Medical, Richland, MI).
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2: Luxol Fast Blue/Holmes Silver Nitrate: This method was modified
from Sheehan and Hrapchak (1980) per Kathleen Klueber (personal
communication) and personal experimentation. The sections were
deparaffinized and rehydrated as described above. The slides were placed in
20% silver nitrate solution for 1 hour, rinsed in distilled water, and incubated
at 37°C overnight in a solution of 1% silver nitrate and 10% pyridine in a pH
8.4 boric acid/borax buffer (final silver concentration = .001%). The slides
were then placed in a hydroquinone (Sigma stock #H9003)/sodium sulfate
reducing solution (1:10:100 ratio) for 2 minutes, washed in running water,
and toned in 0.2% gold chloride (Sigma stock #G40022) for 3 minutes.
Following a distilled water rinse, the slides were differentiated in 2% oxalic
acid, examined microscopically for blackening of the axons, and rinsed.
Remnant reagents were neutralized using 5% aqueous sodium thiosulfate,
and the slides were placed briefly in 95% ethanol. Counterstaining was
accomplished overnight in a 1% final concentration of Luxol Fast Blue
(Solvent Blue 38, Sigma stock #S3382) in 95% EtOH and 10% acetic acid at
60°C, followed by destaining in 0.05% aqueous lithium carbonate for 15
seconds, and differentiation in 70% EtOH for 30 seconds. Slides were
dehydrated in 2 changes of absolute EtOH, cleared in 3 changes of xylene, and
mounted and coverslipped in synthetic resin.
Both stain preparations were observed and photographed using an
Olympus CH2 light microscope equipped with an Hitachi VK-C370 video
camera on Kodak Tri-X 400 film.
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Scanning Electron Microscope Examination
Test fish that were selected for SEM preparation were fixed in
Zamboni's picric acid and formaldehyde (PAF) fixative, per Stefani et.al.,
(1976). Zamboni's PAF fixative was prepared by dissolving paraformaldehyde
(Sigma stock #P6148) in saturated aqueous picric acid solution (Sigma stock
#925-40), alkalyzing with 2.52% sodium hydroxide, then buffering to a final
p H of 7.4 using phosphate buffer (approximately 10:1 di- to monobasic sodium
phosphate). Just before SEM inspection, samples were prepared per protocols
adapted from Bozzola (1992). The preserved larvae were rinsed in phosphate
buffered saline (PBS) at pH 7.4 and immersed in 1% osmium tetroxide (Stock
#19100, Electron Microscopy Supply Co., Ft. Washington, PA) in PBS for 1
hour then rinsed again briefly in PBS. The fish were then dehydrated in a
graded acetone series (2 changes each 30%-40%-50%-60%-70%-80%-90%- 3
changes 100% acetone) and dried for mounting using Peldri II (Pella stock
#1242, Ted Pella, Inc., Redding, CA) following the manufacturer's directions
as adapted from Kennedy et al,. (1989). From the 100% acetone, samples were
transferred into a 1:1 mixture of 100% acetone and Peldri II for 1 hour then
changed to 100% Peldri II for 1 hour. The specimens were then transferred to
a depression slide that had been prechilled to below room temperature in an
ice-packed desiccation jar (Peldri II solidifies below 23°C, and the specimens
harden along with it). The desiccation jar was closed and sealed using silicon
glass-joint sealant. A low vacuum was applied to the desiccation jar using a
sink faucet aspirator with a vacuum trap attached. Aspiration was continued
until the Peldri II was observed to have sublimated, generally within 4 hours.
The specimens were kept sealed under low vacuum and over fresh desiccant
until they were mounted to SEM stubs using Scotch double-sided tape #665
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(3M Corporation, Minneapolis, MN). The mounted fish were sputter-coated
for one full cycle (approximately 10 minutes) in a direct current sputtering
chamber using a palladium/gold target and argon as the ionizing gas, to a
final coat thickness readout of 20 nm. The mounted fish were loaded into a
Jeol JSM-5400 SEM under high vacuum, inspected at approximately 10-15 kev
at a working distance of 20-30 mm, and photographed using Polaroid 525
positive/negative film.

Results
General Developmental Observations
Fathead minnows developed rapidly, both prior to and following
hatching. By 12 hours postfertilization, the cleavage phase was advanced,
with gastrulation having occurred. The embryonic plate was fully formed by
24 hours. At 36 hours, development entered the embryonic phase,
organogenesis was proceeding, the eye was forming, and neurulation was
advanced. At 60 hours, pigmented eyes were obvious and the circulatory
system was visible. At 72 to 96 hours, the fish hatched.
After hatching, fathead minnows retained the eleutheroembryonic
form (straight urostyle, incomplete mouth, continuous fin fold between
dorsal, caudal, and ventral fins, and pectoral fin buds) for only the first day
posthatching, and a small remnant of yolk sac reserve could be seen. No
protopterigiolarval phase could be determined. By Day 2 the larvae entered
the pterigiolarval phase, the air bladder was inflated and fin development
was advanced, with axial and paired fins showing some differentiation and
fin rays evident, although the caudal fin remained unforked and urostyle
flexion was unobservable. Also on Day 2, most yolk reserves were gone and a
functional jaw could be seen. By Day 3, the larvae were actively swimming in
the holding bowls, and feeding strikes were observed when presented with
live brine shrimp nauplii.
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Beyond the gross anatomical features observed on Day 2 and behavior
noted on Day 3, increases in size were also observed (Table 1). On Day 8 PH,
when 100% successful feeding in the dark first occurred, those primary
morphological features present and thought to be keys to feeding success
included an obvious olfactory pit, pigmented eyes, a fully functional,
anteriorly opening mouth, dorsal fin and unforked caudal fin, both with
visible rays, and paired fins with early rays forming.
Feeding Behavior
Ingestion of dead food organisms in the dark was first observed on Day
4 PH, when four larvae showed the bright orange brine shrimp nauplii in the
gut cavity. Each day thereafter successful feeding was observed in a number
of larvae, and this feeding activity increased in frequency until Day 8 when
100% successful feeding in the dark occurred. After that time, all test fish fed
successfully in all trials with the exception of Day 11 when two fish failed to
feed (Table 1).
The larval fathead minnows used in the trials grew from an average
total length (TL) of 4.1 mm ± 0.12 mm SE on the first day after hatching to an
average TL of 11.8 mm ± 0.26 mm SE on Day 15. These measurements
represent an average daily growth rate of 0.5 m m / d a y . In comparing size to
feeding success, the average size of fish first feeding on dead organisms in the
dark was approximately 6 mm (Table 1).
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Table 1. Number and mean total length (in mm) of feeding and nonfeeding fathead
minnow larvae during the first 15 days of life. (NA=no specimens in this class)

Day

#of
Feeders

#of
Nonfeeders

Avg. Length
Feeders
mean
(± 2 SE)

Avg. Length
Nonfeeders
mean
(± 2 SE)

1

0

10

NA

4.1 (.12)

2

0

10

NA

4.9 (.24)

3

0

10

NA

5.5 (.26)

4

4

6

6.0 (.44)

5.4 (.36)

5

5

5

6.6 (.34)

5.9 (.56)

6

6

4

6.5 (.30)

5.5 (.60)

7

6

4

7.3 (.58)

6.1 (.30)

8

10

0

7.4 (.30)

NA

9

10

0

7.7 (.24)

NA

10

10

0

8.0 (.20)

NA

11

8

2

8.8 (.16)

8.9 (.14)

12

10

0

9.0 (.18)

NA

13

10

0

9.7 (.32)

NA

14

10

0

10.3 (.88)

NA

15

10

0

11.8 (.26)

NA
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Light Microscopic Examination
The lumen of the olfactory pit was slightly invaginated and olfactory
epithelium was present from the first day PH (Figure 1-A). The epithelium
appeared to be connected to the brain by an axonal pathway, although clear
differentiation of this structure from surrounding tissue could not be
determined. The cellular organization of the epithelial plate at this early
stage did not appear to be laminar, and there was no evidence of the
columnar cells that would be expected — nor were cilia observed at this point.
By Day 4 PH, the first observed day of feeding on dead brine shrimp in
the dark, the olfactory epithelial tissue appeared much more robust and well
differentiated (Figure 1-B). The olfactory pit was more smoothly concave,
surface ciliation was recognizable, and the axonal pathway was more in
evidence by this time.
Differentiation and maturation progressed with age, with invagination
of the olfactory pit clearly present by Day 10, and deeply folded by Day 14
(Figure 1-E and F). The cells were organized in a columnar fashion on Day 10,
and cilia were clearly visible at the apical surface (Figure 1-E).
Using both hematoxylin/eosin stain, and the Luxol fast blue/Holmes
silver nitrate, sections from all age cohorts were observed to have a complete
nerve pathway connecting the olfactory epithelium to the brain (Figure 1 AF). Older fish showed this pathway clearly, while in younger fish it was
sometimes difficult to observe. No obvious differences in any morphological
structure were observed between feeders and nonfeeders.
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Figure 1. Photomicrographs of sections prepared for light microscopy of
larval fish, stained to show olfactory nerve development. Nerve connection
(arrowheads) from the olfactory epithelium (oe) to the brain (b) appears
complete. (A, B, C are nonfeeding fish from days 1, 4 and 6 respectively, D, E,
F are feeding fish from days 6, 10 and 14 respectively). Maginfications: A and
E-600X, B and C-400X, D-200X, F-100X.
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Scanning Electron Microscope Examination
At 2 days PH, the external olfactory organ was present as an ovalshaped, slightly depressed area of extensively ciliated epithelium (Figure 2A).
The lumen of the olfactory pit was not exaggerated at this time, but was
clearly visible medial to the eye at the anteriormost point of the rostrum
(Figure 2a). By 4 days PH, the placode was more indented (Figure 213) and had
assumed a more superior position on the rostrum (Figure 2b). By the 6th day
PH, the cilia were organized into a dense ring of kinocilia peripherally, with
the less densely packed receptor cilia and microvilli making up the
neuroepithelial floor of the olfactory organ (Figure 2C). Also by this time,
indentation of the olfactory organ floor was noticeable (Figure 2c). No
lamellae or rosette formation was observed. No morphological differences
were observed between feeding and nonfeeding fish (compare Figures 2 and
3).
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Figure 2. Scanning Electron Photomicrographs of larval fish showing detail
of the olfactory placode (uppercase letters) and the head displaying both nares
(lowercase letters) in nonfeeding examples. (A and a: 2 days old, B and b: 4
days old, C and c: 6 days old.)
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Figure 3: Scanning Electron Photomicrographs of larval fish showing detail
of the olfactory placode (uppercase letters) and the head displaying both nares
(lowercase letters) in feeding examples. (A and a: 4 days old, B and b: 6 days
old, C and c: 8 days old.)

Discussion
Larval length throughout the experiment was similar to that reported
in the literature (Usher and Bengston, 1981; Hoyt, 1991). It was therefore
concluded that these larvae were of average size and physical condition, and
their behavioral responses were considered to be normal. The overall
development exhibited by larval fathead minnows is not unusual for a
precocial species that exhibit no parental care after hatching, have little
posthatch yolk reserve, and must rapidly develop the senses to begin feeding
as well as for predator avoidance (Salgado, 1992; Klemm et al,. 1993). Fathead
minnows exhibit a development period similar to that observed by Andersen
(1982) and by Hansen and Zeiske (1995) in the zebra fish. Observations made
by these authors were similar to those made in the current study. Specifically,
the olfactory organ was present as a recognizable epithelium at hatching, the
cells of which became more organized over time; a visible nerve connection
between the olfactory epithelium and the brain existed at hatching; lastly,
ciliated cells were present in the epithelium at hatching and increased in
number with age.
The observation of nerve connections between the olfactory
epithelium and the brain in newly hatched fathead minnows was not
surprising. Werner and Lannoo (1994) found nerve connections to be present
in newly hatched white sucker, Catostomus commersoni, in spite of an
23
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overall immature state of olfactory organ development at hatching when
compared to other species. Wilson et al,. (1990) observed axonal connections
between the olfactory placode and the brain in zebra fish at 24 hours
postfertilization.

Watling and Hilleman (1964), working with grayling,

observed the appearance of olfactory nerves concurrent with the appearance
of the olfactory placode prior to hatching, and Evans et al,. (1982) found both
ciliated and microvillar receptor neurons in the prehatching olfactory organ
of rainbow trout, indicating a complete sensory structure.
The epithelia of the test fish in this study were ciliated shortly after
hatching on Day 1. This observation is similar to that reported by Andersen
(1982) and Hansen and Zeiske (1995) in zebra fish, Evans et.al,. (1982) in
rainbow trout, and in reviews by Noakes and Godin (1988) and Hara and
Zielinski (1989) — all of whom reported cilia development on the olfactory
epithelium prior to hatching. These observations are in contrast, however, to
Werner and Lannoo (1994), who observed no ciliation until 14 days PH, an
observation that was acknowledged by the authors to be an unusual
developmental trait when compared to other species. That olfactory
epithelial ciliation is critical to function of the olfactory organ is supported by
several authors (Lowe, 1974; Elston et al., 1981; Noakes and Godin, 1988; Hara
and Zielinski, 1989; Kawamura and Washiyama, 1989; Hara, 1992b). Increased
sensory cell ciliation density was correlated by Harvey (1996) with enhanced
chemoreceptive ability in sole (Solea solea), a nocturnal feeder, when
compared to plaice (Pleuronectes platessa), a diurnal feeder, in l i g h t / d a r k
feeding trials using dead food organisms. This phenomenon was also
demonstrated in these two species by Batty and Hoyt (1995). Further support
of ciliation as a factor in function is provided by Werner and Lanoo (1994)
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who noted that white sucker did not begin migration downstream until
ciliation of the olfactory epithelium appeared on or about Day 14 PH. They
interpreted this as evidence of the fishes' first ability to olfactorily imprint on
the home stream. Lowe (1974) and Andersen (1982) found structural and
functional evidence of coordinated motion in the ciliar aggregations of cod
(Gadus morhua), haddock (Melanogrammus

aeglefinus) and zebra fish, and

suggested that this motion may be associated with the circulation of fluid
across the epithelium to enhance chemical/cilia contact.
Rosette and naris formation, although suggested by deepening and
invagination of the olfactory epithelium, was not observed in the length of
time this experiment lasted. Werner and Lanoo (1994) observed similar
deepening and indentation in the olfactory epithelium of white sucker larvae
and interpreted it as early rosette and naris formation. Hara and Zielinski
(1989) described this as part of the typical pattern shown by many species in
the ontogeny of olfactory organ development.
Since the onset of feeding using chemoreception alone was not the
same in all cohorts despite the developmental synchrony of the group, no
sudden appearance of an anatomical structure would be expected, but rather,
as observed, the individual, progressive development and use of structures
already present at hatching. The nonsynchronous use of the chemoreceptive
sense in feeding from Day 4 to Day 10 PH is supported by Salgado (1992), who
interpreted this observation as an indication that chemoreception may be a
learned faculty. Blaxter (1986) also noted that chemoreceptive feeding success
increased from low levels at first feeding as larvae learned to feed, and as
their mouths became larger, suggesting an experiential dimension to feeding
that is as important as the anatomical dimension.
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Zielinski and Hara (1988), using electrophysiological activity recorders
on developing olfactory epithelia in fish, showed that neural firing
frequencies increased and became more synchronous with age and that
detection thresholds for amino acids by ciliated neurons decreased as
development progressed. Amino acids have been shown to be chemical
stimuli in rainbow trout, channel catfish (Ictalurus punctatus),

yellowtail

(Seriola c/uinqueradiata), Japanese eel (Anguilla japonica), carp (Cyprinus
carpio) and other species, (Dempsey, 1978; Caprio and Byrd, 1984; Saglio et al.,
1990; Takeda and Takii, 1992), and as the concentration required for stimulus
of olfactory epithelium decreases, prey detection becomes more likely (Hara
and Zielinski, 1989; Takeda and Takii, 1992). Knutsen (1992) noted
stereotypical patterns of swimming, snapping, and darting as reaction to
specific amino acids presented to North Sea turbot (Scophthalmus

maximus)

larvae and Dover sole larvae, indicating early development of chemosensory
mediated feeding strategies in these fish.

It is interesting to note that Caprio

et al, (1993) found that selected amino acids can release a repertoire of
consummatory feeding behavior patterns (turning, biting, snapping, and
mastication) in channel catfish despite ablation of the olfactory system,
indicating that these patterns are controlled primarily by the gustatory system.
Whether this is species specific or may be the case in other species has not
been investigated.
The neuroanatomical observations made in this study support the
conclusion that the olfactory system of the fathead minnow is complete at
hatching. There is a differentiated, albeit somewhat disorganized, olfactory
epithelium that shows some degree of ciliation. There is a nerve connection
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between the sensory structure and the brain. Other aspects that impact
olfaction, and may determine whether the system is functional at the time of
hatching, are as follows: presence and maturity of olfactory receptor cells in
the epithelium; synaptic organization of the olfactory bulb and maturity of
the mitral cells that receive sensory input and direct it to the brain; and
molecular mechanisms of chemosensory reception and transduction (Butler
and Hodos, 1996). None of these can be determined from the results of the
current study.
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